Introduction
In October 2008, the press reported that a peculiar incident took place in Fujisawa City, Kanagawa, Japan; a female citizen complained of vomiting and numbness of the tongue shortly after eating an instant cup-noodle product. The Health Center of Fujisawa City disclosed that they identified p-dichlorobenzene in the food. A similar press report followed describing that both p-dichlorobenzene and naphthalene were detected from another brand of instant cup-noodle in Yokosuka City, Kanagawa. Just after these reports, the criminality of tainting the foods with p-dichlorobenzene and/or naphthalene was suspected, but the truth of such incidents remained obscure. This was our motive for starting to establish a simple and reliable method for the simultaneous analysis of naphthalene and p-dichlorobenzene.
Naphthalene and p-dichlorobenzene are still used as moth repellants, and are sold at supermarkets and general stores. Because one package of the products usually contains as much as 1.8 - 5 g of naphthalene 1 or 4 - 200 g of p-dichlorobenzene, 2 accidental ingestion of the compounds by a small infant or by an aged person suffering from dementia is possible, which may result in serious poisoning and/or even death. [1] [2] [3] Discrimination between naphthalene and p-dichlorobenzene is usually difficult only by their smell and their appearances of crystals. However, the specific gravities of their pure crystals are different; they are 1.2 and 1.5 for naphthalene and p-dichlorobenzene, respectively. In the absence of their pure crystals, chemical analysis for them is essential for identification.
There have been many reports on the analysis of polycyclic aromatic hydrocarbons or volatile organic compounds including naphthalene and/or p-dichlorobenzene in water, soil and plant samples, [4] [5] [6] [7] [8] in workers' urine, 9-11 and workers' plasma 5,12 by gas chromatography-mass spectrometry (GC-MS). However, most of the above reports have dealt with screening tests for many compounds from a viewpoint of environmented chemistry. In addition, no studies of such analyses have been reported for human whole blood samples in the above-mentioned literature. From a forensic toxicological viewpoint, only one report 13 appeared concerning the GC-MS analysis of dichlorobenzene isomers in human whole blood using a solid-phase microextraction technique.
In this report, we present a very simple isotope dilution GC-MS method for the simultaneous analysis of naphthalene and p-dichlorobenzene in human whole blood and urine with the conventional headspace (HS) extraction. The method has been fully validated and applied to measurements of trace amounts of each compound in whole blood samples of a volunteer after brief inhalation of each gas.
Experimental

Materials and solutions
Pure crystals of naphthalene and p-dichlorobenzene were purchased from Wako (Osaka, Japan) and Aldrich (Milwaukee, WI), respectively; both deuterated internal standards (ISs) naphthalene-d8 and p-dichlorobenzene-d4 from Kanto Chemicals (Tokyo, Japan). Other common chemicals used were of the highest purify commercially available.
Stock solutions of mixtures of naphthalene and p-dichlorobenzene and mixtures of naphthalene-d8 and p-dichlorobenzene-d4 were prepared by dissolving 10 mg each A very simple and sensitive method for the simultaneous analysis of naphthalene and p-dichlorobenzene in human whole blood and urine by headspace capillary gas chromatography-mass spectrometry (GC-MS) is presented. The advantages of the method were that as much as 1 mL of headspace vapor could be injected into a GC port in the splitless mode, and that the addition of deuterated naphthalene and p-dichlorobenzene as internal standards resulted in much better headspace extraction efficiencies, which resulted in high sensitivity. The detection limits for both naphthalene and p-dichlorobenzene were 1 ng mL -1 for whole blood and 0.5 ng mL -1 for urine. Validation data, such as the linearity of calibration curves, reproducibility and recovery rates, were all satisfactory. Using this method, both compounds could actually be detected from whole blood samples of a male volunteer after the inhalation of each gas of the compounds. of the compounds in 10 mL methanol. The IS mixture stock solution was diluted 5-fold with methanol just before use; 10 μL of the working solution was added to each diluted sample solution. The stock solutions of the mixture of the non-deuterated compounds were also diluted to their desired concentrations with methanol; 10 μL each of them was added to a diluted sample solution.
Blank human whole blood and urine were obtained from healthy volunteers.
Headspace method
A 0.2-mL volume of whole blood or urine was mixed with 0.8 mL of distilled water in a 10-mL HS glass vial (Alpha M.O.S. Japan, Tokyo, Japan). To the mixture, a 10-μL aliquot of a methanol solution containing 2 μg each of both naphthalene-d8 and p-dichlorobenzene-d4 as ISs was added and mixed briefly. When validation experiments with blank whole blood or urine were performed, a 10-μL aliquot of methanol solution containing a desired concentration of naphthalene and p-dichlorobenzene was also added to the vial together with the 10-μL of the above IS solution. Immediately after the additions, the HS vial was sealed with a 20-mm HS silicone/polytetrafluoroethylene septum cap (Alpha M.O.S. Japan), and put on a tray of the autosampler. Each vial was heated at 80 C for 30 min and 1-mL vapor was automatically injected into the GC port.
GC-MS conditions
A GC-17A/QP5050A GC-MS instrument (Shimadzu, Kyoto, Japan) equipped with an HT250D Series autosampler (Primetech, Tokyo, Japan) was used for analysis in the positive electron ionization (EI) mode. The GC conditions were: column, Rtx-1 fused silica capillary column (30 m × 0.32 mm i.d., film thickness 0.25 μm, Bellefonte, PA); column temperature, 60 C (1-min hold) to 120 C at 10 C min -1 and 120 to 280 C at 20 C min -1 ; injector temperature, 250 C; helium flow rate, 3 mL min -1 . One milliliter of HS vapor was injected in splitless mode, and the splitter was opened 1 min after completion of the injection. The MS conditions were: ionization mode, positive EI; ion source temperature, 280 C; ionization energy, 70 eV; emission current, 60 μA; accelerating voltage, 1.5 kV; full-scan range, m/z 40 - 350; quantitation, selected ion monitoring (SIM) mode with peak area measurements; SIM ions used, m/z 128, 136, 146 and 152 for naphthalene, naphthalene-d8, p-dichlorobenzene and p-dichlorobezene-d4, respectively.
Human experiments
The chief scientist (male, 62-year-old, medical doctor) of this research project volunteered to undertake human experiments. He was healthy and well aware of the toxicities of naphthalene and p-dichlorobenzene, and that the experiments were not hazardous to his health. Five grams of naphthalene or p-dichlorobenzene crystals were put at the bottom of a plastic bag (size: 52 × 60 cm). A sufficient amount of air was also introduced into the bag, and the bag was closed and shaken vigorously for 1 min to evaporate the crystals into the air sufficiently. The subject inhaled the naphthalene-containing air in the bag for 10 min. Immediately after his inhalation, several milliliters of blood were collected from his vein; a small amount of blood was also taken 10 min later. His urine was also obtained 30 min after the end of his inhalation. For an experiment with p-dichlorobenzene, all conditions for the inhalation and samplings of his blood and urine were the same as those with the above naphthalene, except that the inhalation duration was 5 min.
Results and Discussion
Optimization of conditions
In our previous study, 14 we analyzed naphthalene by HS capillary GC (without MS detection) with large-volume injection; it was found that the maximum HS extraction of naphthalene could be attained by incubation at 80 C for 30 min. In the present preliminary experiments, it was also found that such a condition was also best for naphthalene and for p-dichlorobenzene in whole blood and urine samples.
For the analysis of hydrophobic compounds in whole blood, dilution with water giving hemolysis seems to be essential. We tested dilutions of up to 5-fold. Although the increase in the HS extraction efficiency was not proportional to the dilution rate, the best results were obtained with 5-fold dilution; we mixed 0.2 mL of whole blood or urine with 0.8 mL of water. The increase in the extract efficiency by adding an excess amount of water to whole blood seems to have been due to complete hemolysis, causing the dispersion of lipid/lipoprotein membrane fragments and proteins, such as hemoglobin. Because the salting-out effect 15 is often observed in HS extraction, we tried to add excess NaCl and Na2CO3, but neither showed positive effects; thus, we did not add any salt to the aqueous phase in the HS vial.
Both naphthalene and p-dichlorobenzene can be classified as being semi-volatile compounds.
Usually, when volatile compounds, such as 1,1-difluoroethane, 16 are measured by HS GC-MS using a common middle-bore capillary column, split injection has to be used in spite of the loss of a target compound, which lowers the sensitivity. To avoid such a split injection for both naphthalene and p-dichlorobenzene, we tested splitless injection at 0 - 100 C of the initial oven temperatures. Below 40 C of the oven temperature, a cryogenic oven temperature device 17 was used. At 10 and 30 C of the initial oven temperature, each peak of naphthalene and p-dichlorobenzene appeared as a split shape. At 50 C, naphthalene appeared as a higher, single and sharp peak, but p-dichlorobenzene still gave a split shape at this temperature. The mechanism for the appearance of the split shape is not clear. However, at 60 C, both naphthalene and p-dichlorobenzene gave excellent sharp peaks. At 80 - 100 C, the peak height of each peak became lower and broader according to the increase in the initial oven temperature. Therefore, we chose 60 C as the initial oven temperature for trapping entire amounts of both compounds in the HS vapor. This temperature was advantageous, because a cryogenic device was not necessary.
During repeated experiments, we noticed that a carry-over of naphthalene sometimes occurred, especially when its low levels should be measured; the carry-over of p-dichlorobenzene was much less marked than that of naphthalene. The carry-over of the compounds caused marked errors of low levels to be measured. This phenomenon could be prevented by washing the whole gas rout with 1 μL of chloroform or 1 mL of chloroform vapor, just before the determinations of low levels of the target compounds.
Mass spectra of non-deuterated and deuterated compounds
As shown in Fig. 1 , naphthalene and naphthalene-d8 showed intense molecular peaks (base peaks) at m/z 128 and 136, respectively. There was no interference of each peak with each other. The peaks could be used for quatitation. p-Dichlorobenzene and p-dichlorobenzene-d4 showed molecular peaks (base peaks) at m/z 146 and 150, respectively. However at m/z 150, non-deuterated p-dichlorobenzene showed a small peak of an isotope due to the presence of two chlorine groups in its structure. Thus, to avoid the interference of IS by non-deuterated p-dichlorobenzene (if present in high concentrations), we chose the peak at m/z 152 as IS for measurement of p-dichlorobenzene. Figure 2 shows SIM chromatograms for naphthalene, p-dichlorobenzene and their ISs in whole blood and urine samples. The retention times of naphthalene, naphthalene-d8, p-dichlorobenzene and p-dichlorobenzene-d4 were 5.96, 5.93, 3.65 and 3.62 min, respectively. All background levels were very low, and no impurity peaks appeared on all chromatograms. Table 1 shows calibration curves for naphthalene and p-dichlorobenzene in whole blood and urine matrices. For whole blood, both higher and lower concentration ranges were tested. All curves showed good linearity with correlation coefficients not smaller than 0.991. The detection limits (signalto-noise ratio = 3) for both naphthalene and p-dichlorobenzene were 1 ng mL -1 for whole blood and 0.5 ng mL -1 for urine. The limit of quantitation (signal-to-noise ratio = 10) was about 2.5 ng mL -1 for whole blood and 1.0 ng mL -1 for urine. Table 2 gives validation data for the HS GC-MS analysis of naphthalene and p-dichlorobenzene spiked into human whole blood or urine.
Reliability of the method
Three concentrations at 50, 200 and 1000 ng mL -1 were employed for each compound. As could be expected, the recovery rates of both compounds were higher for urine than for whole blood; those for p-dichlorobenzene were higher than those for naphthalene. The intra-and inter-day accuracies were 80.8 - 105%, and intra-and inter-day coefficients of variation were not greater than 9.99%, showing that the reproducibility of the present method is generally satisfactory.
The most prominent advantage of the HS extraction is that it gives very low background and few impurity peaks with a very simple procedure. The cleanliness of the HS samples seems to be good for less pollution of the ionization chamber of an MS for both whole blood and urine; that of deuterated compounds was 10 μg mL -1 (2 μg per vial). Note that the scale unit of the vertical axis of urine (B) is 2.8-fold more condensed than that of whole blood (A).
instrument. However, the recovery rates are low, especially for lipophilic compounds present in various matrices containing large amounts of lipids and/or proteins, such as whole blood and tissue homogenates. 18, 19 This is probably the reason why most of the previous studies [4] [5] [6] [7] [8] [9] [10] [11] [12] on the analysis of polycyclic aromatic hydrocarbons or volatile organic compounds including naphthalene and/or p-dichlorobenzene did not deal with whole blood samples. However, in postmortem forensic toxicological analysis, hemolyzed whole blood should be frequently analyzed. In our previous study on the GC analysis of naphthalene in whole blood and urine, the recovery rates for whole blood were only 1.86 -2.82%, while those for urine were 10.6 - 13.7%. 14 In the present study, we added a relative large amount of deuterated naphthalene and p-dichlorobenzene as ISs, which resulted in much better recovery rates (naphthalene in whole blood 8.95 - 12.0%), as shown in Table 2 . The stable isotopes acted as potent competitors for the target compounds, even in the presence of lipid components of erythrocyte cells in the present study. The target compounds bound to large molecules were replaced by the stable isotope, which resulted in liberation of the target compounds into the headspace. The only forensic toxicological report dealing with the GC-MS analysis of dichlorobenzene isomers in human whole blood employed HS extraction, followed by solid-phase microextraction. 13 According to their results, the limit of quantitation was 20 ng mL -1 of whole blood; that of our method was about 2.5 ng mL -1 , as stated before. In addition, they did not mention their recovery rates. 13 
Application of the present method
To ascertain the applicability of this method to real samples, a 62-year-old volunteer inhaled naphthalene-or p-dichlorobenzene-containg air for 10 and 5 min, respectively on different days. The blood samples were collected immediately after and 10 min after the end of the exposure. Urine samples were also taken 30 min after the end of exposure. As shown in Fig. 3 , low levels of both compounds could be detected from his whole blood. The levels of naphthalene at 0 and 10 min after exposure were calculated to be at 14.0 and 4.62 ng mL -1 , respectively; those of p-dichlorobenzene 49.1 and 13.1 ng mL -1 , respectively. However, both compounds could not be detected from his urine obtained 30 min after exposure.
Ijiri et al. 3 reported a fatal case of acute poisoning by naphthalene. He tried to analyze naphthalene and its metabolites by GC. The concentration of naphthalene in victim's blood was 0.55 μg mL -1 ; they could not detect any metabolites of naphthalene from the blood, liver or kidney.
The probable reason why we could neither detect naphthalene nor p-dichlorobenzene from urine of the volunteer in the present study is that the amounts of the inhaled compounds were so small, and most of them were retained in lipid components in blood, and expired by respiration during 10 min after exposure; their excretion amounts through the kidney during 30 min after exposure were probably below the detection limit. a. Data expressed as mean ± standard deviation (SD); they were calculated by comparing peak areas obtained from the headspace gas of the spiked whole blood or urine samples with those obtained from nonextracted methanolic solution of each compound directly injected into GC-MS. The volume of the headspace vapor was taken as 10 mL. The values show the total shift rates of each compound from the aqueous phase (1.0 mL) to the headspace vapor (10 mL).
Conclusion
In this study, we established a simple and sensitive GC-MS method for the analysis of naphthalene and p-dichlorobenzene in whole blood and urine after HS extraction. The method does not require any special device, such as purge-and-trap, 4 cryofocusing, 20 cryogenic oven temperature 17 or solid-phase microextraction, [9] [10] [11] 13 but only requires the usual GC-MS instrument with a headspace autosampler, easily obtainable stable isotopes of naphthalene and p-dichlorobenzene, and some HS glass vials for incubation. If a headspace autosampler is not available, it is possible to manually inject the headspace vapor into GC by heating a gas-tight syringe at more than 80 C beforehand.
Since the incidents in 2008, in which instant cup-noodle products were suspected to be tainted with p-dichlorobenzene and/or naphthalene, forensic toxicologists have been in a position to analyze both compounds in foods and human specimens. The presently established method can sufficiently meet such needs. It seems to be very easy to analyze a gas sample obtained from the inside of instant cup-noodle products by this method. Our method is also recommendable for the environmental analysis of naphthalene and p-dichlorobenzene, because of its simplicity and high sensitivity. 
